We have used scanning tunneling microscopy/spectroscopy to visualize the spatial correlation between buried structural defects and observed electronic properties in organic device structures. As a typical structure of an organic field-effect transistor, we have prepared pentacene/ alkanethiol self-assembled monolayer (SAM)/Au samples with or without defects associated with a gap state at the molecule/Au interface. The effect of the defects, which were hidden behind the pentacene overlayers, on the electronic properties of the SAM was clearly observed. The method used in this study has potential for evaluating the nanoscale correlation between electrical properties and hidden defects inside organic devices. #
Introduction
Designing nanometer-sized devices requires a well-defined fabrication technique using ultrathin dielectric layers. Downsizing and speeding up of field-effect transistors, for example, have been achieved by reducing the thickness of gate insulator films to the nanoscale limit. Inorganic materials are commonly used for insulator films, but ultrathin-film processing gives rise to complex issues, such as a large leakage current via tunneling. On the other hand, organic materials have an intrinsically low conductivity and are the best candidates for dielectric films. 1) Additionally, advances in chemical synthesis and fabrication have promoted the use of organic materials in electronic devices.
In particular, the use of a self-assembled monolayer (SAM) as a gate dielectric in organic transistors was pioneered by Vuillaume et al. 2) and has attracted considerable attention. Previous studies revealed a leakage current of 10 À8 A cm À2 , 2) which is sufficiently low for practical use. Despite their high potential, [3] [4] [5] SAMs still have critical issues, such as low film quality and packing order. SAMs have intrinsic and extrinsic defects, through which semiconductor materials may penetrate into the substrate. Such penetration reduces the effective dielectric thickness and yields current paths with a low resistivity. These imperfections are undesirable not only because they may trigger a large leakage current but also because the charging arising from the leakage results in the disorder in interfacial potential, which greatly affects carrier transport. 6) Therefore, significant effort has been made to fabricate defect-free SAMs with sufficiently high robustness and insulating quality. 7) In this context, there is increasing demand for the quantitative investigation of the correlation between structural disorders in SAM dielectrics, such as defects and pinholes, and the overall electronic transport properties of the devices. Structural defects have been evaluated by spatially averaged techniques, including the evaluation of tilt, order, and gauche defects by Fourier transform infrared spectrometer (FT-IR), 8) electron transport analysis by electrochemistry, 8) and the investigation of structural defects such as pinholes. 8, 9) Local probe techniques, such as scanning tunneling microscopy/spectroscopy (STM/STS), atomic force microscopy, lateral force microscopy, and Kelvin probe force microscopy, have also been used for the real-space analysis of, for example, the self-assembly mechanism, 10, 11) defect characterization, 11) and interfacial charging. 12) Although these techniques provide much valuable information, little is known of the direct microscopic correlation between structural defects in buried dielectric layers and electronic transport properties of device structures.
Here, we present the potential of STM/STS to visualize the effect of defects formed at a molecule/metal interface and hidden behind the molecular overlayers on the electronic properties of thin films. STS spectra are, in general, obtained by plotting the tunneling current I or tunneling conductance dI=dV versus voltage V between an STM tip and a sample. dI=dV corresponds to the local density of states (LDOS) of the sample, and its mapping gives the spatial distribution of the electronic structure. If nanoscale defects associated with gap states exist in a bulk or on a surface, they appear in the dI=dV image as localized spots. We artificially introduced defects into SAM dielectric layers and investigated the effect of the defect-induced electronic states hidden beyond the overlayers using STM/STS. As a typical system, we used a pentacene thin film deposited on alkanethiol SAM/Au samples.
Experimental Procedure
The nature of electronic states of the hybrid orbital between a single pentacene molecule and a gold atom was investigated by Repp et al. 13) They observed a new peak of dI=dV close to the lowest unoccupied molecular orbital (LUMO) of the original pentacene and confirmed that the peak is due to the hybrid orbital between the pentacene LUMO and the Au 6s state by density-functional calculations. On the other hand, X-ray photoemission and STM studies 14) showed that the oxidation of the alkanethiol terminus results in the desorption of alkanethiol, which is characterized by the presence of striped phases in SAMs at the initial stage of oxidation. In each striped phase, alkanethiol molecules are oriented with the chain axis parallel to the surface, and the SAM molecules in the striped phase no longer act as a physical barrier and allow direct contact between pentacene and Au. Therefore, when pentacene molecules are adsorbed on the SAM formed by the oxidized alkanethiol molecules, pentacene molecules in striped-phase regions are expected to form gap states. On this basis, we prepared samples with or without buried defects associated with gap states.
Au(111) substrates were prepared by thermal evaporation on mica in vacuum. SAMs at saturation coverage were prepared by immersing Au(111) for 12 h into either octanethiol (C8) or dodecanethiol (C12) solution in toluene (1 mM) and subsequent rinsing. Pentacene powder was placed in a ceramic crucible and thermally deposited on a SAM in vacuum (5:0 Â 10 À5 Torr) at a rate of 0.002 nm/s. The coverage was monitored using a quartz oscillator.
SAMs with defects were prepared by promoting the oxidation of alkanethiol molecules during the SAM formation on Au; prior to the SAM formation, the alkanethiol solutions were exposed to air for more than a month to increase the concentration of dissolved oxygen. Referential SAMs were prepared with alkanethiol solutions that were deoxygenated and dehydrated to suppress the oxidation.
STM and STS measurements were performed in ultrahigh vacuum. I-V curves were taken at grid points covering the scanning area. dI=dV images were obtained by plotting the numerically calculated value of dI=dV at each grid point.
Results and Discussion

Introduction of defects by oxidized alkanethiol molecules
First, we examined the introduction of defect into SAMs. To confirm their introduction, we observed a C8-SAM that had been subjected to oxidation promotion. Figure 1(a) shows an example STM image. Although most of the surface is covered by a saturation phase, a cð4Â2Þ superlattice of a ð ffiffi ffi Fig. 1(a) ], 11) the following two types of defect were observed: One type comprises pitlike defects [marked as A in Fig. 1(a) ], which are commonly observed for alkanethiol SAMs at saturation. Since they have the depth of the Au(111) single step height of 2.5 Å , they are assigned to islands of Au vacancies and not the defects in the SAM itself. The other type comprises stripe-phase (marked as B) in which alkanethiol molecules are oriented with the chain axis parallel to the surface. Figures 1(b) and 1(c) show wide-area images obtained for an oxidized sample and an oxidation-suppressed sample, where the stripe-phase defects, etch pits, and domain boundaries are drawn in red, blue, and green, respectively. As shown in Fig. 1(b) , stripe phases (drawn in red) surround and connect etch pits or steps. On the other hand, as expected, the stripe phase was hardly observed in the reference SAM prepared with its oxidation suppressed [ Fig. 1(c) ], although etch pits and domain boundaries were still observed.
STM/STS results of pentacene/alkanethiol/Au
Next, we show results for a pentacene film on a C8-SAM with striped defects. The STS results revealed interesting features different from the topographic results. In Fig. 2(a) , stacked pentacene layers with atomically flat terraces can be observed. The step height is 1.6 nm, which corresponds to the interlayer distance of pentacene (001). 15) Figure 2 (b) shows I-V and dI=dV curves obtained for different pentacene layers in order of increasing height (from A to F). The dI=dV curves exhibit different gaps, regardless of the energy band gap of pentacene (2.2 eV). Onset voltages (or band-edge voltages) are almost the same in the negativevoltage region, while they are different in the positivevoltage region; the positive onset voltage increases with the layer thickness. These features can be explained by tipinduced band bending (TIBB). 16, 17) Owing to the presence of TIBB in the undoped pentacene, the bias voltage applied between the tip and the sample drops in the pentacene layer, and the voltage drop in the tunneling gap becomes lower, resulting in a reduction in tunneling current. Consequently, a higher sample voltage is required for the same amount of current to flow, compared with the case where TIBB does not occur. This causes the onset-voltage shift and apparent gap opening. As the thickness of the pentacene layer is larger, the voltage drop in the layer becomes higher, and the shift in onset voltage increases. Thus, the apparent energy gap is larger than the highest occupied molecular orbitallowest unoccupied molecular orbital (HOMO-LUMO) gap of pentacene, depending on the layer height of pentacene. Tunneling current starts to flow when the Fermi energy of the tip is equal to the HOMO of pentacene in the positivesample-voltage region, and to the LUMO of pentacene in the negative-sample-voltage region. Since the Fermi energy of the W tip (work function, 4.8 eV) is much closer to the LUMO than the HOMO of pentacene (affinity, 2.9 eV), the additional voltage required to allow the tunneling current to flow is smaller in the negative-sample-voltage region than in the positive-sample-voltage region. This leads to the asymmetry of onset voltages observed in Fig. 2(b) . These features are the same as those observed in a previous paper on pentacene on SAMs prepared without oxidation promotion.
18) However, the difference arising from oxidation was clearly observed in the mapping of dI=dV. Figure 2 Fig. 2(d)] shows the difference in the dI=dV value from the surface geometry; the dI=dV values measured in the D2 region are different from those measured in the D1 region, although they were measured on the same terrace. As is clear in Fig. 2(b) , in the D2 region, the onset voltage shifts toward zero, and a broad peak is observed at 1 V (marked by an arrow in the figure). Since the energy gap shown in the dI=dV curve for the D1 region corresponds to the apparent HOMO-LUMO gap at this layer height, the broad peak is a state in the pentacene band gap (gap state).
To examine the spatial correlation between the gap state and striped defects in SAMs, we compared STM and dI=dV images obtained over a wide area [Figs. 2(e) and 2(f) ]. In the figures, the areas where localized gap states are observed in Fig. 2(f) Here, the gap-state areas have no relation with the structures in the topographic image shown in Fig. 2(e) . The effect of the defects, which were hidden behind the pentacene overlayers, on the electronic properties of the SAM was clearly observed.
Discussions on origin of gap state
Let us consider the origin of the gap state. The gap state may originate from defects in pentacene crystalline layers, but this is unlikely for the following reasons. There have been many studies on the electronic structures of defects in organic semiconductors.
3) Vacancies do not form gap states in general. Structural defects accompanied by local lattice strains (such as point defects, dislocations, or grain boundaries) could be the origin of the gap state. However, these are shallow states (located within 0.2 eV from the band edge), and here, we observed no correlation between the topographic features and the gap-state distribution. Thus, these defects could not be the origin of the gap state. Chemical defects arising from a chemical reaction with oxygen or moisture also form gap states. For example, gap states originating from oxygen-related chemical defects are formed at 0.28, 19) 0.38, 20) and 0.6 eV 21) away from the valence band edge of pentacene. These states are located close to the HOMO, which is different from the present case. Thus, the observed gap state is unlikely to originate from defects in pentacene crystalline layers.
On the other hand, in the striped region, alkanethiol molecules are oriented parallel to the surface and do not sufficiently act as a physical isolator, resulting in the formation of a hybrid orbital between pentacene and Au, which could be the origin of the gap state. To confirm this mechanism, we performed STS measurements for a pentacene film on a reference C12-SAM with few striped defects. Figure 3(a) shows an STM image obtained for a pentacene/ C12SAM (unoxidized)/Au sample and Fig. 3(b) shows the I-V and dI=dV curves obtained for different areas marked in Fig. 3(a) . As discussed in §3.2, the shift in positive onset voltage, which depends on the layer height, was observed.
Similarly, a gap state at 2.5 V was observed in region C2, which was not observed in region C1 on the same terrace. In the dI=dV image at 2.5 V [ Fig. 3(c) ], the gap state is observed only in region C2 and its density is low, in contrast to the case where the SAM with many striped defects was used [ Fig. 2(f) ]. The other regions exhibiting high dI=dV values are observed (in, for example, region A) because the pentacene layer is thin and the onset voltage is lower than 2.5 V in these regions. For regions with thick layers (around, for example, region D), however, even if the gap state exists, it might not be observed in the dI=dV image at 2.5 V because of the onset voltage shifts due to the large amount of TIBB that occurs on a thick layer. To examine this point, we performed dI=dV measurement at 4 V [ Fig. 3(d) ]. As is clear from the dI=dV image, no localized gap states were observed in D region. In this manner, we investigated the existence of the gap state over the entire surface and confirmed that no gap sates exist except in region C2. From these results, the gap-state density was estimated to be 8:0 Â 10 8 cm À2 , which is significantly reduced, as expected. In addition, the reference SAM has many pits and domain boundaries [ Fig. 1(c) ], and it is confirmed that these pits and boundaries are not related to the formation of the gap state.
Before concluding on the origin of the gap state, we examined the effect of the chain length of the alkanethiol. The crystallinity and resistance to ion penetration increase with SAM thickness. 22) In analogy with this, when a SAM is not sufficiently thick, pentacene molecules may penetrate into it, resulting in the formation of a hybrid orbital. That is, such penetration may occur in the thin C8-SAM but not in the thick C12-SAM, resulting in the difference in gap state density. To exclude this possibility, we examine a pentacene film on a C12-SAM with many striped defects. Figures 4(a) and 4(b) show the STM and dI=dV images at 3.1 V, respectively. Many gap states are observed in Fig. 4(b) . The gap-area density is estimated to be 8:3 Â 10 9 cm À2 , which is an order of magnitude higher than that in the case where the C12-SAM with few striped defects was used [Figs. 3(c) and 3(d), note the difference in scale]. Thus, it is confirmed that the gap state is mainly due to striped defects, rather than the penetration of pentacene molecules into the SAM crystalline layer.
Conclusions
We visualized the spatial correlation between structural defects associated with a gap state in SAM dielectrics and the electronic properties of pentacene/SAM/Au systems on the nanoscale using STM/STS. The gap state was introduced using oxidized alkanthiol molecules based on the formation of a hybrid orbital between pentacene molecules and Au substrate. The gap state hidden behind the pentacene over layers was clearly observed in dI=dV images for a SAM with striped defects, with the distribution unrelated to the topographic features, as expected. These findings suggest that the technique used in this study is applicable to the nanoscale real-space evaluation of the correlation between structural defects in buried dielectrics and the overall performance of organic devices. 
